ABSTRACT. A major capsid protein (MCP) gene homologue of porcine cytomegalovirus (PCMV) was identified. Sequence analysis indicated that the PCMV MCP gene is 4,026 nucleotides in length encoding a protein of 1,341 amino acid residues. The predicted molecular weight of the PCMV MCP is 151,456 Da, equivalent to those of other herpesvirus MCP counterparts. Phylogenetic analysis using herpesviral MCP gene sequences confirmed that PCMV is a betaherpesvirus with higher homology with human herpesvirus-6 and -7 than human and mouse cytomegaloviruses. The serum of pig experimentally infected with PCMV did not react with bacterially expressed MCP, suggesting that the PCMV MCP may not be related to the humoral immune response in the course of PCMV infection. Also, we established polymerase chain reaction (PCR) protocols using primers corresponding to MCP gene sequences for detection of PCMV infection. The PCR protocol would be effective for the diagnosis of slow-growing PCMV infection, for which traditional methods involving virus-isolation are not useful. KEY WORDS: betaherpesvirus, major capsid protein, polymerase chain reaction, porcine cytomegalovirus.
Porcine cyomegalovirus (PCMV), first described in 1955 [6] , usually induces a silent infection in adult pigs but often a fatal, generalized infection in piglets. In utero infection in sows can cross the placenta and infect the fetuses leading to fetal death or birth of weak piglets [3, 17] . As PCMV exhibits a relatively protracted replication cycle, a slowly developing cytopathology characterized by cytomegaly, and a restricted host range, it is grouped into the subfamily Betaherpesvirinae [18] . Recently, we and other research groups confirmed that PCMV is a betaherpesvirus based on sequence analyses of DNA polymerase gene fragments [19, 29] .
The major capsid protein (MCP) gene appears to be conserved among the herpesviruses [5, 15] , suggesting that MCP should play essential roles in vital processes in the viral replication cycle such as assembly and maturation. Herpes simplex virus-1 (HSV-1) has been shown to encode seven capsid proteins. Of these, MCP is the structural subunit of the hexons and pentons, and is the principal structural element making up the matrix of the icosahedral capsid [16] . In addition, in some herpesviruses such as HSV-1 and varicella-zoster virus (VZV), MCPs serve as an antigen for the humoral immune response during the course of infection, being highly reactive with human antisera as well as being responsible for cell-mediated immunity [7, 20, 27] .
The MCPs of many herpesviruses have been shown to have similar molecular masses, e.g., between 135 kDa and 160 kDa for human herpesviruses [2, 4, 10, 14, 15] . In this study, we identified the MCP gene of PCMV and expressed the protein in a bacterial expression system. In addition, we also analyzed the evolutionary position of PCMV in the herpesvirus group using MCP sequence information. We also established a polymerase chain reaction (PCR) protocol for specific detection of PCMV infection.
MATERIALS AND METHODS

Cells and virus:
Pig fallopian tube fibroblast cells (PFT-F) [11] were grown in Dulbecco's modified Eagle's medium (DMEM) supplimented with 5% fetal calf serum at 37°C. The OF-1 strain of PCMV [11] was propagated in the PFT-F cell line and used in this study. The virus was harvested exclusively from the culture supernatant at 7-10 days after infection as guided by the appearance of cytopathic effects (CPE). Other Japanese PCMV strains, J1, Chiba-2, Chiba-3, Chiba-C, Hiroshima and Kagawa, and a British isolate, B6, were also used. All Japanese strains except J1 [21] were isolated in our laboratory [24] . In addition, pseudorabies virus (strain Indiana) was propagated in the RK-13 cell line and used. RK-13 cells were grown in DMEM with 10% fetal calf serum.
Preparation of PCMV DNA: Extrachromosomal DNA containing viral DNA was extracted from virus-infected cells by a modification of Hirt's method [9] . Briefly, cell pellets were suspended gently in 20 mM Tris-HCl buffer, pH 7.5, containing 0.6% SDS and 0.01 M EDTA, and incubated at room temperature for 20 min. Then, 1/3 volume of 5N NaCl was added and mixed by inverting the tube. The sample was incubated at 4°C for at least 8 hr, and the lysate recovered after centrifugation (15,000 rpm, 30 min) was further mixed with the same volume of 2 × lysis buffer (20 mM Tris-HCl, pH 7.5, 2 mM EDTA, 0.1% SDS, and 40 µg/ml proteinase K) and incubated at 37°C for 1 hr. Following phenol-chloroform extraction, DNA was ethanol-precipitated and suspended in deionized water.
Cloning of PCMV DNA fragments: The Hirt's DNA from virus-infected cells was digested with BamHI endonuclease and the digested fragments were directly ligated with BamHI-digested vector (pBluescript SK-; Stratagene, La Jolla, USA). These constructs were then used for transformation of Escherichia coli strain (DH5α). The transformants were selected on 2YT agar plates with ampicillin.
DNA sequencing and genetic analyses: Plasmids were isolated from each transformant by mini-preparation and partially sequenced by the dye-terminator protocol using M13 primers. Briefly, the plasmid DNA (0.5 µg) was mixed with 3.2 nmol of primer, -21M13 or M13 Rev, in a sequencing mixture (BigDye-terminator reagent; Applied Biosystems Japan, Tokyo, Japan) and reacted in a thermal cycler (MJ Research Inc., Waltham, U.S.A.) according to the manufacturer's instructions. The reaction products were ethanol-precipitated and suspended in template suppression reagent (Applied Biosystems) for sequencing in an autosequencer (ABI PRISM 310).
Sequencing of the MCP gene, which was included in clone B18 (with an insert consisting of a 9 kbp BamHI fragment), was performed by the "primer walking" method with primers designed from the known sequence towards the unknown region. The primers are listed in Table 1 . The homology search was carried out using the BLAST program (DNA Data Bank of Japan [DDBJ] ). Multiple alignment with other herpesviral MCPs was performed using the CLUSTAL W program [25] with bootstrap analysis (DDBJ). A phylogenic tree was generated using Tree View software (ver. 1.5).
Expression of MCP in E. coli.: To generate a vector plasmid for MCP expression, we amplified the MCP gene open reading frame (ORF) by PCR using a pair of primers, MCP/ I/E and MCP/T/X (Table 1) . These primers included a unique restriction site for EcoRI and XhoI, respectively, to facilitate cloning. PCR was performed using the B18 template DNA with LA Taq DNA polymerase (Takara, Tokyo, Japan); for 35 cycles of denaturation at 94°C for 1 min, annealing at 50°C for 1 min, and strand-extension at 72°C for 5 min. The amplified product was ligated into the pCR2.1 vector (Invitrogen, Carlsbad, U.S.A.) and then the construct was used for transformation of E. coli. The plasmid extracted from the transformant was digested with EcoRI and XhoI, and the fragment containing MCP-ORF was subcloned into EcoRI and XhoI sites of the expression vector pGEX 6P-3 (Amersham Pharmacia Biotech, Little Chalfont, England) in-frame with the glutathione s-transferase (GST) gene, generating pGEX/MCP. A series of deletion mutants of the carboxyl (C)-terminal portion of the MCP-ORF were prepared by endonuclease digestion using combinations of XhoI with XbaI, BglII, NdeI or HindIII, unique recognition sites for which are present in the ORF. The portion between two enzyme recognition sites was deleted and the resulting plasmid was self-ligated in a bluntended manner and used for transformation. These plasmids were used for expression of deletion forms of the fusion protein, generating GST/MCP∆Xb/Xh, -∆Bg/Xh, -∆Nd/Xh and -∆Hd/Xh.
Expression of GST/MCP fusion protein or GST/MCP deletion proteins was examined using anti-GST antibody by immunoblotting assay. Briefly, the lysate of the isopropyl-β-D-thiogalactosidase (IPTG)-induced cells transformed with pGEX/MCP or its deletion derivatives was separated by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene difluoride (PVDF) membranes (Nihon Millipore, Tokyo, Japan). After blocking with Blockace reagent (Dainippon Seiyaku, Osaka, Japan), the membranes were reacted with anti-GST antibody (1:2000) followed by horseradish peroxidaselabeled second antibody (1:1000) and a substrate (0.25 mg/ ml 3,3'-diaminobendizine tetrahydrochloride, 0.03% H 2 O 2 ) to detect fusion proteins. PCR and Southern blotting: For PCR, we selected some from the primers that were synthesized for sequencing of the OF-1 strain MCP gene. Here, we used three pairs of primers, F(15)/R(C1), F(15)/R(10) and F(14)/R(11). Template DNAs were prepared from cells infected with the OF-1 strain as well as other PCMV isolates and pseudorabies virus (PRV) as a control. Template DNA (1 µg) was reacted in a mixture containing 32 nmol of each primer, 20 µM of each deoxynucleotide triphosphate, 2 mM MgCl 2 and 2U Taq DNA polymerase (Takara) in 50 µl of reaction buffer. The mixture was then amplified in a thermal cycler (MJ Research Inc.) by 30 cycles of denaturation at 94°C for 1 min, annealing at 50°C for 1 min, and strand-extension at 72°C for 2 min. After cycling, the reaction mixture was incubated at 72°C for 5 min. The amplified products were analyzed by electrophoresis in 2% agarose gels, stained with ethidium bromide, and visualized on a UV transilluminator.
The gels were soaked in denaturing buffer (0.5 N NaOH, 0.6 M NaCl) for 1 hr, then neutralized in a solution of 1 M Tris-HCl, pH 7.2, 0.6 M NaCl, and transferred overnight onto nylon membranes (Hybond N+: Amersham Pharmacia Biotech) through 10 × SSC buffer (0.15 M sodium citrate, 1.5 M NaCl, pH 7.0). The membranes were dried, baked at 120°C for 2 hr, and used for hybridization. According to the MCP sequence, we prepared two kinds of probe DNA; F(16) for the PCR products generated with primer pairs of F(15)/R(C1) and F(15)/R(10), and MCP-P(1) for the products generated with F(14)/R(11). These probe DNAs were labeled with digoxigenin (DIG) and used for hybridization. Following pretreatment of the membranes with hybridization buffer (5 × SSC, 0.1% N-lauroylsarcosine, 0.02% SDS, 2% blocking reagent [Roche Diagnostics, Basel, Switzerland], and 50% formamide), hybridization was performed in the same buffer with probes at 42°C overnight. Washing and detection were performed according to the instructions supplied with a commercial kit (DIG high prime DNA labeling and detection kit; Roche Diagnostics).
RESULTS
Cloning and sequencing of PCMV MCP gene:
There has been no previous report of PCMV DNA physical maps or genes except for DNA polymerase gene fragments [19, 29] . Here, we cloned unfractionated BamHI fragments of Hirt's DNA from PCMV OF-1-infected cells in the vector plasmid. However, not all of the clones included PCMV DNA fragments because of contamination of the Hirt's DNA preparation with cellular DNA. We randomly selected some clones and partially sequenced them using M13 primers. A homology search of these sequences with other herpesviral sequences in databases indicated that several clones might include PCMV DNA fragments. From these, we selected one clone, B18, with a large insert (approximately 9 kbp) for further analysis to find undefined PCMV genes. Sequence analysis of B18 DNA and a homology search indicated that this fragment included the entire MCP gene homologue of PCMV with its surrounding regions. Figure 1 shows the entire PCMV MCP gene sequence and its adjacent sequence. The MCP-ORF is 4,026 nucleotides in length encoding a protein of 1,341 amino acid residues. The predicted molecular size of MCP is 151,456 Da, equivalent with those of other herpesvirus MCP counterparts (e.g., 149 kDa for HSV-1 MCP and 154 kDa for HCMV MCP).
In addition, we found another ORF (888 bases) downstream of the MCP-ORF, encoding a protein with 295 amino acids (33,392 Da) (Fig. 1) . Homology search predicted that this gene was the PCMV homologue of the herpesviral "probable capsid protein (PCP)" gene (e.g., HSV-1 UL18, HCMV UL85), whose biological functions have been undefined.
Expression of the MCP in E. coli:
To confirm that the MCP-ORF encodes a protein, we inserted the ORF sequence in the bacterial expression vector pGEX. Anti-GST antibody was used for detection of GST/MCP fusion protein, because of the lack of an anti-MCP antibody. Expression of GST/MCP fusion protein with a predicted size of 178 kDa (includes 27 kDa GST) was hardly detected (Fig. 2) . However, the deletion derivatives of the GST/MCP with the appropriate molecular weights were detected (44 kDa for GST/MCP∆Xb/Xh, 79 kDa for GST/MCP∆Bg/Xh, 119 kDa for GST/MCP∆Nd/Xh, and 152 kDa for GST/ MCP∆Hd/Xh), indicating that low expression level of the GST/MCP was due to its large insert. Nevertheless, these observations confirmed that MCP-ORF encodes a protein.
Immunogenicity of MCP in PCMV-infected pigs:
We examined immunogenicity of MCP using experimentally PCMV-infected SPF pig serum. Immunoblotting assay did not detect specific antibody to bacterially expressed MCP in the pig serum, although this serum reacted a considerable number of viral proteins in infected PFT-F cell lysate (data not shown).
Genetic relationship of PCMV-MCP to other herpesvirus MCPs:
To determine the phylogenetic position of PCMV, we examined the genetic relationships among this and other herpesviruses based on their MCP genes (Fig. 3) . Three clusters of MCP genes obviously represented each herpesvirus subfamily, i.e. alpha-, beta-and gammaherpesviruses, confirming that PCMV is a betaherpesvirus. The phylogenetic tree also indicated that PCMV is genetically closer to human herpesvirus-6 (HHV-6) and -7 (HHV-7) than human (HCMV) or mouse (MCMV) cytomegaloviruses. Alignment of the amino acid sequences among PCMV, HHV-6, and HHV-7 is shown in Fig. 4 . Table 2 shows percentages of amino acid identity of PCMV MCP to other herpesvirus MCPs. The highest degree of homology was seen with HHV-6 MCP (53.2% identity), followed by other betaherpesvirus MCPs (around 50%). The extent of amino acid identity shared with alphaherpesviruses was between 23-25% and that with gammaherpesviruses was between 28-30%.
PCR detection of PCMV infection: PCR would be useful for detection of PCMV infection in animals, since virus-isolation is not a sensitive method due to the lack of highly susceptible cell lines and to its slow replication cycle with ambiguous CPE. Therefore, we designed three primer pairs based on the MCP gene sequences and used them for PCR amplification of gene fragments. As shown in Fig. 5A , all of the three primer pairs amplified DNA fragments from Hirt's DNA preparations extracted from OF-1-infected cells but not from mock-infected or PRV-infected cells. Although amplified DNAs had expected molecular sizes (611bp for F(15)/R(C1), 469bp for F(15)/R(10), and 408bp for F(14)/R(11) primers), we confirmed by Southern blotting analysis that they contained virus-specific sequences (Fig. 5B) .
Specific PCR amplification was also observed from all of the additional PCMV isolates examined including a British isolate (Fig. 5A) , indicating that the sequences of the primers are conserved on the MCPs among PCMV strains.
DISCUSSION
In this study, we determined the entire sequence of PCMV MCP and successfully expressed it in E. coli. This is the first large-scale analysis of sequences of the PCMV genome. The deduced amino acid sequence of the PCMV MCP had a high predicted molecular weight similar to those of other herpesvirus MCPs [12] [13] [14] [15] 30] , suggesting that herpesvirus MCP plays an important molecule forming the capsid structure.
Amino acid identity and phylogenetic analysis of the PCMV MCP with other herpesvirus MCPs indicated that PCMV is a betaherpesvirus with higher degrees of homology to HHV-6 and -7 than HCMV or MCMV. These results confirmed our earlier conclusions based on partial sequence analysis of the DNA polymerase gene of PCMV [19, 29] . It is interesting to note that the biological properties of PCMV appeared to be quite different from those of HHV-6 and HHV-7, which are lymphotropic, although these viruses are genetically close.
Bacterially expressed MCP or its deletion derivatives could not be detected by immunoblotting with serum from a pig experimentally infected with PCMV, suggesting that PCMV MCP may not be related to the humoral immne response in the course of natural PCMV infection, or that antigenicity of expressed MCP may be different from that of intact MCP. It has been shown that sera from humans infected with HSV-1 or VZV are reactive with each MCP. However, the antibody titers are variable and much lower than those of antibodies to envelope glycoproteins [7, 27] . Antibodies specific to MCPs are barely detected in HCMVor EBV-infected human serum or PRV-infected pig serum [10, 30] . These observations suggested that the humoral immune response of herpesvirus MCPs is poor.
In this study, we found the PCP-ORF downstream of the MCP-ORF. It is intresting to note that these two ORFs are in-frame and have no intermediate sequence. Further studies are required to determine the transcriptional and translational regulation for these two genes.
PCMV infection causes an important disease known as "inclusion body rhinitis" in pigs. The traditional method for diagnosing PCMV infection involves virus-isolation and detection of virus-antigen or specific antibodies by indirect immunofluorescence test or enzyme-linked immunosorbent assay [1, 22, 23] . PCMV can be isolated from affected animals by sampling the nasal mucosa, lung and kidney, and by making direct cultures of lung macrophages if possible. However, good quality of samples including large amounts of infectious viruses is required for successful virus-growth in cell culture. Furthermore, since PCMV is a slow growing virus, it takes about 7-10 days to detect the CPE of cytomegaly in cell culture. Thus, PCR would be a more sensitive and more rapid method for detecting PCMV infection in organs from affected animals as well as in cell culture. The three primer pairs designed for use in our PCR protocols would be more useful for detecting heterogenous wild-type PCMV strains, compared to the previous PCR protocols based on DNA polymerase gene sequences whose conservativeness among herpesvirus family may result in false positive signals [8, 29] . Studies are currently in progress to assess whether this PCR protocol can be applied for detec- tion of PCMV infection in clinical samples or latent infection in organs. Xenotransplantation of pig organs to humans is a promising but exceedingly complex issue. There are a number of major barriers to successful xenotransplantation, including immunological, physiological, anatomical, infectious and ethical problems. A recent report demonstrating transmission of an infectious agent from pigs to mice via transplanted organs has shown one example of such barriers [28] . One report described evaluation of PCMV as a potential zoonotic agent in xenotransplantation [26] . In this report, PCMV did not infect some cell cultures of human origin. However, this result does not necessarily exclude the possibility of infection to human cells by PCMV in vivo. The PCR system described in the present report could be useful for sensitive detection of PCMV infection in organs used in xenotransplantation.
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